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Abstract: Fumarolic Ice caves on Antarctica's Mt. Erebus contain a dark oligotrophic 
volcanic ecosystem (DOVE) and represent a deep biosphere habitat that can provide 
insight into microbial communities that utilize energy sources other than photosynthesis. 
The community assembly and role of fLingi in these environments remains largely 
unknown. However, these habitats could be relatively easily contaminated during human 
visits. Sixty-one species of fungi were identified from soil clone libraries originating from 
Warren Cave, a DOVE on Mt. Erebus. The species diversity was greater than has been 
found in the nearby McMurdo Dry Valleys oligotrophic soil. A relatively large proportion 
of the clones represented Malassezia species (37% of Basidomycota identified). These 
fungi are associated with skin surfaces of animals and require high lipid content for 
growth, indicating that contamination may have occurred through the few and episodic 
human visits in this particular cave. These findings highlight the importance of fungi to 
DOVE environments as well as their potential use for identifying contamination by 
humans. The latter offers compelling evidence suggesting more strict management of these 
valuable research areas. 
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1. Introduction 

The subsurface biosphere has been among the most exciting, and rapidly evolving research 
ecosystem types in biogeosciences of the past 20 years [1]. Trace fossils of microbial dissolution in 
seafloor volcanic rocks suggest the presence of a Dark Oligotrophic Volcanic Ecosystem (DOVE) at 
least for the upper 500 m and extending back to first appearance of life on Planet Earth [2]. DOVEs 
take a special role in the study of the subsurface biosphere. They are volumetrically very significant 
and they contain abundant energy donors from the earth's interior, in the form of minerals and glasses 
that are highly reactive in low temperature hydrous environments. DOVEs commonly have active 
hydrothermal systems that readily circulate surface water and atmospheric gases through the interior of 
these volcanoes. The combination of surface-derived fluids and volcanic rocks from the interior of the 
earth providing abundant and effective combinations of electron acceptors and donors that can 
facilitate chemolithoautotrophic conditions for microbial communities to thrive without photosynthesis. 
Conditions of (near-) atmospheric oxygenation exist in very large fractions of DOVEs where water or 
air circulates relatively freely and recharges hydrothermal systems in active systems. These factors 
combine to make DOVEs a significant component of the subsurface biosphere and open up the 
possibility that DOVEs might provide biomass to the earth's surface offering a "rock bottom" for the 
food web. 

The southernmost active volcano in the world, Mt. Erebus (3,795 m), has been the focus of research 
for decades [3]. Recently, ice caves and fumarolic ice towers near the summit have been recognized as 
a unique environment devoid of light and/or having a moist warm environment [4]. These sub-glacial 
fumaroles issue gases that are dominated by air with 80-100% humidity and up to 2% CO2 [3,4]. CO2 
is one of the few sources of carbon available to these microbial communities, although small amounts 
of organic carbon may enter the cave through melt water from the surface during the summer months 
that can contain algae or wind delivered carbon sources. 

Some of the Mt. Erebus DOVEs are now visited more frequently yet others still remain pristine 
environments and there is a need to determine which caves are best suited for fiiture microbiological 
research through a microbial community survey to determine if there has been anthropogenic intrusion 
on these communities. Since the earliest days of Mt. Erebus cave research, ice caves were thought of 
as naturally protected environments to be used for the placement of experiments, storing gear and even 
food. There is even the possibly that members of Antarctic Heroic Age explorers from either the 
Nimrod Expedition (1907-1909) with the first ascent in 1908 or the Terra Nova Expedition (1910-1913) 
with the highest camp up to that time, left food or materials near the caves. Establishment of McMurdo 
Station in 1956 by the US Navy helped increase the access to Mt. Erebus and continuous research 
began in the early 1970's. One prominent Mt. Erebus cave. Warren Cave, is located in a logistically 
particularly strategic location, on a straight line between a recently discovered location of a camp by 
the Terra Nova Expedition (December 1912) and the summit of Mt. Erebus. This site is very close to 
Lower Erebus Hut, the operational base for the bulk of current research on Mt. Erebus. 

The role of fimgi in the DOVE communities is a new field of research and this is the first report of a 
fimgal community associated with an Antarctic fiimarole DOVE habitat. 



Biology 2013, 2 



800 



2. Experimental Section 

Sample site: Warren Cave on Mt. Erebus, Antarctica (77° 31.003 S; 167° 09.884 E) (Figure 1) has 
been visited by researchers annually over the past decade for the study of volcanic CO2 emissions and 
temperature fluctuations by the Mount Erebus Volcano Observatory (MEVO) [4]. Warren Cave 
maintains a remarkably constant temperature. Temperatures in the flimarole studied were 18.5 °C 
inside the soil and 14.5 °C above the soil. 

Figure 1. Warren Cave near Mt. Erebus Summit. The map shows the upper section of Mt. 
Erebus and the location of Warren Cave. The insert photo shows the site where the sample 
was taken. 
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Sample collection: Soil substrate collected in 2010 from Warren Cave was taken from within a 
fiimarolic vent issuing warm gas from beneath a protruding rock consisting of a patch of soil made up 
largely from coarse sand and fine gravel sized rock fragments (location labeled "GV 1" in [4]). The 
sample (Identification number: 10G439-WC) consisted of several pooled 10-15 g scoops collected 
aseptically in a sterile 50 mL tube. The sample was transported to the US at -20 °C. Soil temperature 
at the time of collection was 18.5 °C, the air temperatiu'e was 14.6 °C and soil pH was 5.2. 

Soil analysis: Both soil moisture and carbon analyses were conducted by the University of Maine 
Analytical and Soil Testing Laboratory (Orono, ME, USA). Soil moisture was determined by gravimetric 
method at the time of soil drying for carbon analysis. Both total carbon and organic carbon were 
determined using the dry combustion method [5] with an Leco CN-2000 Carbon/Nitrogen analyzer. 
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Nucleic acid extraction and analysis: DNA from 1.62 g of the soil pellet was extracted using a ZR 
Soil Microbe Midi kit (Zymo Research, Irvine, CA, USA). The soil pellet was extracted 2x and the 
DNA was pooled. Three pellets were extracted for each clone library. Specific ITS region amplicons 
were produced by PCR (100 ng/reaction) in 25 \iL reactions using lUustra PuReTaq Ready-To-Go™ 
PGR Beads (GE Lifesciences, Piscataway, NJ, USA). PCR primer set ITS5/ITS4 [6] was used to target 
the ITS region for clone library construction. Initial denaturation was for 2 min at 95 °C and 35 cycles 
with a PTC-200 thermal cycler (MJ Research, Watertown, MA, USA) under the following conditions: 
30 s at 95 °C, 30 s at 52.3 °C, 1 min at 72 °G with a final 72 °G 10 min extension. The resulting PCR 
products were cleaned prior to cloning using Promega SV Gel and PCR Clean-up System (Promega, 
Madison, WI, USA). Three PCR reactions were produced from each soil pellet DNA aliquot and 
pooled prior to library construction. Two ITS clone libraries ligations were produced. PCR products 
from multiple (4-8) clean PCR reactions (i.e., showing only bands within expected ITS size ranges) 
were pooled, and purified using a PCR purification kit (QIAGEN, Valencia, CA, USA). Libraries were 
generated using a TOPO TA cloning kit and chemically competent Escherichia coli TOPI OF cells 
(Invitrogen, Carlsbad, CA, USA). The High Throughput Genomic Unit (HTGU — University of 
Washington, Seattle, WA, USA) preformed the transformations, clone selection and sequencing using 
the vector T7 primer. The resulting data were screened for (1) poor quality sequence (below 80% 
quality) and (2) short sequences (shorter than 400 bp) using Sequencher v 5.0.1 (Gene Codes Corp.) 
and these sequences were eliminated from flirther analysis. Sequences that passed the first two steps 
were then screened for chimeric sequences using Chimera Checker [7] and chimeric sequences were 
eliminated from fijrther analysis. Each remaining sequence was reviewed by hand and compared with 
NCIB database (BLAST and Tree Builder) for taxonomic assignments. Based on suggestion of Fell 
and coworkers [8] sequence homology of >98% were considered to be the same species. GenBank 
accession numbers are shown in Table 1 and can be accessed through GenBank. The closest match 
isolates selected for Table 1 are comprised only of fimgi that have been cultured. 



Table 1. Clones identified from Warren Cave with GenBank accession numbers and closest 
matches. Asterisks identify clones that fall below the 98% species identification threshold. 
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JQ692168 


99% 


Acremonium implicatum 


*Acremomum sp. 
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Acremonium cereale 
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Epicoccum nigrum 
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Community analysis: The resulting passed sequences were classified into groups based on their phyla. 
Each group of sequences was aligned using MUSCLE web server alignment [9]. The alignments were 
used to create phylogenetic trees through the Seaview software program, version 4.3.1. A rooted 
neighbor-joining distance tree was generated, for each phyla separately (Ascomycetes and 
Basidiomycetes), based on nucleotide positions of the ITS region of the 5.8S gene. Bootstrap values were 
based on 100 replicates. GenBank accession numbers were listed for the outgroup sequences. 

3. Results and Discussion 

We investigated the fungal diversity in Warren Cave though clone libraries. Soil substrate 
extraction was used to concentrate the fiingal portion of the community prior to total DNA extraction. 
The habitat was highly oligotrophic with only 126 \xg/g organic carbon (151 \ig/g total carbon) and 
relatively moist with 50% soil moisture. Overall fiingal diversity was moderate [10] with 266 fiingal 
ITS clone sequences representing a total of 61 species. All were within the Ascomycota (Figure 2) and 
Basidiomycota (Figure 3) phyla, with no Chj^ridiomycota or Zygomycota represented. Near equal 
distribution of Ascomycota and Basidomycota taxa were represented in the Warren Cave clone 
libraries (3 1 Ascomycota/30 Basidomycota) unlike in nearby McMurdo Dry Valley habitats where 
Basidomycota dominate, especially in arid habitats [11-13]. The data in Table 1 show that a vast 
majority of clones found in Warren Cave can be identified to the species level (80%). Most of the 
remainder are relatively close matches with only one, a potential Malassezia species, with the closest 
match below 90% (82% identity with Malassezia sympodialis). The clones shown in this work are 
those that passed the criteria listed in the methods, yet within some of the chimeric clones (and not 
included in this analysis) DNA Iragments of other organisms were found. These fragments were from 
organisms associated with humans. The most abundant of these were most closely identified as 
cabbage, soybeans, cereal grains and buckwheat. Interestingly, one of the dominant organisms 
found in the McMurdo Dry Valley soils, nematodes [14] were absent from these clone libraries, 
even in fragments. 

Data on fiingal communities in Antarctica still remain quite incomplete, however, it is possible to 
draw comparisons between our data from a Mt. Erebus DOVE to one other extreme environment in the 
McMurdo area, the nearby McMurdo Dry Valleys soils. The McMurdo Dry Valley soils are also 
highly oligotrophic, with some of the lowest organic carbon levels reported [15] and similar to those 
reported here. Their soil communities experience low temperature and rapid temperate swings, high 
UV radiation and desiccation [16], while the Mt. Erebus DOVEs have relatively moderate and constant 
temperature, no Hght, thus no UV radiation and a moist environment. In addition, many of the soils in 
the McMurdo Dry Valleys are basic with pH ranging up to pHlO [11], while this Warren Cave site was 
slightly acidic (pH 5.2). Therefore it is not surprising that the fiingal communities are different. The 
typical number of fiingal species found in any one soil community isolated from the McMurdo Dry 
Valleys is low, often below ten [11,12] whereas the ftingal diversity found in Warren Cave was found 
to be much higher (61 species). The relative higher number of Ascomycota taxa found in Warren Cave 
compared with other studies in the McMurdo Dry Valleys may reflect the more stressftil condition 
found in the latter. Yeast species in studies of the McMurdo Dry Valleys were dominated by 
basidiomycetous species (89%), most particularly those from the genus Cryptococcus (33%) [12]. The 
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dominance of Cryptococcus species in soil, particularly arid soil, has been ascribed to their ability to 
produce polysaccharide capsules [17]. In contrast, only two Cryptococcus species were found in 
Warren Cave. Further, Glaciozyma watsonii has been isolated numerous times from soil from 
Continental Antarctic soil [12,18,19] and can be an abundant member of the McMurdo Dry Valley soil 
community, but are represented by only six clones (4.9%) in Warren Cave. Rhodotorula mucilaginosa 
has also been cultured from some of the most dry and cold locations in Antarctica, such as Sponsors 
Peak (03SP24) and a peak above Niebelungen Valley, in the Asgard Range (03NB35) [12] yet was 
represented by only 2 clones (1.6%) of the Warren Cave libraries. 



Figure 2. Phylogenetic tree of Warren Cave species belonging to the phylum Ascomycota, 
obtained by neighbor-joining analysis of the Internal Transcribed Spacer (ITS) region of 
the 5.8S rDNA gene, with 100 full heuristic replications. Bootstrap values are as indicated 
on the tree. Glaciozyma watsonii sequence obtained from GenBank was used as the outgroup, 
with the GenBank accession number listed. Candida zeylanoides, Saccharomyces cerevisiae. 
Clavispora lusitaniae, Cyphellophora laciniata, Acremonium implicatum, Aureobasidium 
pullulans and Erysiphe polygoni sequences obtained from GenBank were used as closest 
relative reference sequences, with GenBank accession numbers listed. 
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Figure 3. Phylogenetic tree of Warren Cave species belonging to the phylum Basidiomycota, 
obtained by neighbor-joining analysis of the hiternal Transcribed Spacer (ITS) region of 
the 5.8S rDNA gene, with 100 full heuristic replications. Bootstrap values are as indicated 
on the tree. Acremonium sp. sequence obtained from GenBank was used as the outgroup, 
with the GenBank accession numbers listed. Ustilago tritici, Glaciozyma watsonii, 
Rhodotorula mucilaginosa, Ganoderma applanatum, Malassezia globosa, Cystqfilobasidium 
macerans and Filobasidium floriforme sequences obtained from GenBank were used as 
closest relative reference sequences, with GenBank accession numbers listed. 
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Aureobasidium puUulans a yeast-like ftingus, Aspergillus penicillioides and Alternaria alternata 
were found to be the dominating members of the Ascomycota (Figure 4a) from the Warren Cave 
flingal community. All of these species are cosmopolitan and have been isolated numerous times from 
the Antarctic [20]. The most dominant Basidiomycota taxa found (Figure 4b) were Malassezia sp. 
(37% of the clones), yeasts most typically found associated with animals. Although Malassezia has 
also been identified from a clone library originating from McMurdo Dry Valleys desert soils of Taylor 
Valley, Antarctica (near a highly used pathway) [13] two of the species found in this study (M globosa 
and M. restrictd) are know to require lipids for growth and are common in human dandruff and 
seborrheic dermatitis [21]. This high proportion of human associated yeasts represented in the Warren 
Cave clone libraries suggests human contamination of the site. The second most abundant taxa of the 
Basidomycota was a Peniophora species, a member of a genus most known for wood rot [22]. 
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Although several fungal species found in Warren Cave are cosmopolitan, some have been shown to 
be capable of efficient colonization on minerals and sterile soil [23], abilities that enhance the 
probability that these organisms are active members of the DOVE community. For example Irpex 
lactecus, a white rot flingus, has been suggested as a potential bioremediation agent precisely because 
of its ability to utilize minerals and thrive in sterile soil. [24]. Aureobasidium pullulans has been 
isolated often from Antarctica, including McMurdo Dry Valley soil and has been found on the inner 
part of the Chernobyl inner containment system [25]. Both of these species may be early colonizers of 
oligotrophic habitats and potentially native Antarctic DOVE inhabitants. 

Figure 4. The proportion of the number of fungal clones in this study by class belonging to 
(a) Ascomycota and (b) Basidiomycota. 
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4. Conclusions 

The Warren Cave ftingal community appears to have been influenced by humans. The cave has 
been visited throughout the years by both researchers and casual visitors. Evidence of human 
involvement in Warren Cave is supported by the findings of several Malassezia species. Finding 
species in a clone library alone does not necessary mean that they are active members of the 
community and more research will have to be carried out to determine their role, if any, in the Warren 
Cave soil community. As a result, it may not be surprising that Warren Cave is somewhat biologically 
compromised, and currently contains items that may impact and alter cave microbial communities 
(e.g., metal or bamboo stakes, instruments such as temperature recorders, batteries metal wires, etc.). It 
is clear that some of these practices profoundly impact the local microbial communities. 

Even though Warren Cave has had human impact on its microbial community, other caves around 
the summit of Mt. Erebus remain untouched and therefore are potentially very valuable natural 
research laboratories for the study of DOVEs. The U.S. National Science Foundation has begun a 
procedure to develop a code of conduct for entering ice caves on Mt. Erebus. One of the first steps in 
this effort should be to determine which caves remain pristine and therefore are suitable candidates for 
microbial DOVE research. 

Our data show that microbial communities in Mt. Erebus Ice Cave DOVEs contain diverse and 
specialized fungal communities that are likely to form a complex microbial foodweb that is independent 
from photosynthesis and primarily uses energy from chemolithotrophic metabolic processes. Very little 
is known about their function in these ecosystems, but several species are known to grow on mineral 
substrates in sterile soil supporting an active role. In addition, our study shows that a survey of fungi is a 
very sensitive indicator identifying the potential of human disturbance of these environments. 

Acknowledgments 

The authors would like to thank project co-PI Brad Tebo for insightful discussions and Rick Davis, 
Katherine Earle, Caleb Slemmons and Sarah Turner for their laboratory assistance, as well as 
Raj'theon Polar Support Service, and PHI for logistical and laboratory support while in Antarctica. In 
addition, the authors give sincere thanks to the anonjmious reviews for help in improving this 
manuscript. Funding was provided for this project by NSF Office of Polar Programs award 
#ANT-0739696 to the authors. 

References 

1. Edwards, K.J.; Becker, K.; Colwell, F. The deep, dark energy biosphere: Intraterrestrial life on 
earth. Ann. Rev. Earth Planet. Sci. 2012, 40, 551-568. 

2. Staudigel, H.; Furnes, H.; McLoughlin, N.; Banerjee, N.R.; Connell, L.B.; Templeton, A.S. 3.5 
billion years of glass bioalteration: Volcanic rocks as a basis for microbial life? Earth Sci. Rev. 
2008, 89, 156-176. 

3. Oppenheimer, C; Kyle, P. Volcanology of erebus volcano, antarctica. Spec. Issue J. Volcanol. 
Geotherm. Res. 2008, 1 77, v-vii. 



Biology 2013, 2 



808 



4. Curtis, A.; Kyle, P. Geothermal point sources identified in a flimarolic ice cave on erebus volcano, 
antarctica using fiber optic distributed temperature sensing. Geophys. Res. Lett. 2011, 38, 
del: 10.1 029/20 1 1 GL048272. 

5. Zimmerman, C.F.; Keefe, C.W.; Bshe, J. Determination of Carbon and Nitrogen in Sediments and 
Particulates of Estuarine/Coastal Waters Using Elemental Analysis (Method 440.0) Revision 1.4; 
National Exposure Research Laboratory: Cincinnati, OH, USA, 1997. 

6. White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and Direct Sequencing of Fungal Ribosomal 
RNA Genes for Phylogenetics. hi PCR Protocols: A Guide to Methods and Applications; Innis, M., 
Gelfand, J., Sninsky, J., White, T.J., Eds.; Academic Press: Orlando, FL, USA, 1990; pp. 315-322. 

7. Nilsson, R.H.; Abarenkov, K.; Veldre, V.; Nylinder, S.; de Wit, P.; Brosche, S.; Alfi-edsson, J.F.; 
Ryberg, M.; Kristiansson, E. An open source chimera checker for the ftingal its region. Mol. Ecol. 
Resour. 2010, 10, 1076-1081. 

8. Fell, J.W.; Boekhout, T.; Fonseca, A.; Scorzetti, G.; Statzell-Tallman, A.C. Biodiversity and 
systematics of basidiomycetous yeasts as determined by large-subunit rdna dl/d2 domain 
sequence analysis. Int. J. Syst. Evolut. Microbiol. 2000, 50, 1351-1371. 

9. Edgar, R.C. Muscle: Multiple sequence alignment with high accuracy and high throughput. 
Nucleic Acids Res. 2004, 32, 1792-1797. 

10. Rousk, J.; Baath, E.; Brookes, P.C.; Lauber, C.L.; Lozupone, C; Caporaso, J.G.; Knight, R.; 
Fierer, N. Soil bacterial and fungal communities across a ph gradient in an arable soil. ISME J. 
2010, 4, 1340-1151. 

11. Connell, L.B.; Redman, R.S.; Craig, S.D.; Rodriguez, R.J. Distribution and abundance of fungi in 
the soils of taylor valley, antarctica. Soil Biol. Biochem. 2006, 38, 3083-3094. 

12. Connell, L.B.; Redman, R.S.; Craig, S.D.; Scorzetti, G.; Iszard, M.; Rodriguez, R.J. Diversity of 
soil yeasts isolated fi-om south victoria land, antarctica. Microb. Ecol. 2008, 56, 448-459. 

13. Fell, J.W.; Scorzetti, G.; Connell, L.B.; Craig, S.D. Biodiversity of micro -eukaryotes in antarctic 
dry valley soil with <5% soil moisture. Soil Biol. Biochem. 2006, 38, 3 107-3 119. 

14. Adams, B.; Wall, D.; Gozel, U.; Dilhnan, A.R.; Chaston, J.M.; Hogg, LD. The southernmost 
worm, scottnema lindsayae (nematoda): Diversity, dispersal and ecological stability. Polar Biol. 
2006, 30, 809-815. 

15. Fritsen, C.H.; Grue, A.; Priscu, J.C. Distribution of organic carbon and nitrogen in surface soils in 
the mcmiordo dry valleys, antarctica. Polar Biol. 2000, 23, 121-128. 

16. Onofri, S.; Selbmann, L.; de Hoog, G.S.; Grube, M.; Barreca, D.; Ruisi, S.; Zucconi, L. Evolution 
and adaptation of flingi at boundries of life. Adv. Space Res. 2007, 40, 1657-16664. 

17. Vishniac, H.S. A multivariate analysis of soil yeasts isolated from a latitudinal gradient. 
Microb. Ecol. 2006, 52, 90-103. 

18. Thomas-Hall, S.R. Phylogenetic studies of fungi: Part a. Physiological and biochemical analysis 
of novel yeast species from antarctica. Ph.D. thesis. University of New England, Armidale, New 
South Wales, Australia, 2004. 

19. Turchetti, B.; Thomas-Hall, S.R.; Connell, L.B.; Branda, E.; Buzzini, P.; Theelen, B.; 
Miiller, W.H.; Boekhou, T. Psychrophilic yeasts fi-om antarctica and european glaciers. 
Description of glaciozyma gen. Nov., glaciozyma martinii sp. Nov and glaciozyma watsonii sp. 
Nov. Extremophiles 2011, 15, 573-586. 



Biology 2013, 2 



809 



20. Onofri, S.; Zucconi, L.; Tosi, S. Continental Antarctic Fungi; IHW-Verlag: Muchen, Germany, 
2007; p. 247. 

21. Batra, R.; Boekhout, T.; Gueho, E.; Cabanes, F.J.; Dawson, T.L., Jr.; Gupta, A.K. Malassezia 
baillon, emerging clinical yeasts. FEMS Yeast Res. 2005, 5, 1 101-1 113. 

22. Kirk, P.M.; Cannon, P.F.; Minter, D.W.; Stalpers, J. A. Dictionary of the Fungi, 10th ed.; CABI 
Europe: Wallingford, UK, 2008; p. 507. 

23. Gueidan, C; Ruibal, C; de Hoog, G.S.; Schneider, H. Rock-inhabiting fungi originated during 
periods of dry climate in the late devonian and middle triassic. Fungal Biol. 2011, 115, 987-996. 

24. Novotny, C; Erbanova, P.; Cajthaml, T.; Rothschild, N.; Dosoretz, C; Sasek, V. Irpex lacteus, a 
white rot ftmgus applicable to water and soil bioremediation. Appl. Microbiol. Biotechnol. 2000, 
54, 850-853. 

25. Zhdanova, N.N.; Zakharchenko, V.A.; Vember, V.V.; Nakonechnaya, L.T. Fungi from chemobyl: 
Mycobiota of the inner regions of the containment structures of the damaged nuclear reactor. 
Mycol. Res. 2000, 104, 1421-1426. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



